Not all proteins are synthesized on the ribosome. Small polypeptides, with fewer than about 50 amino acids, can be assembled by peptide synthetases just as other compounds, such as fatty acids, are linked by other synthases. The products of microbial nonribosomal peptide synthesis include the immunosuppressant cyclosporine and antibiotics such as gramicidin S, tyrocidin A, and surfactins (for a review, see reference 13). A modular structure of peptide synthetases has been shown to be responsible for the sequential and amino-acidspecific elongation of peptide chains (17) . The specific combination of modules and various functional domains within the peptide synthetase determines the structure and hence the activity of the peptide product.
The Cyanobacteria, as determined on the basis of several molecular phylogenies, comprise a single and coherent group of prokaryotes (35) . Commonly, these bacteria proliferate in eutrophic marine and freshwater habitats, resulting in the formation of water blooms. Cyanobacteria represent a relatively unexplored and potentially rich source of bioactive secondary metabolites (6, 20, 21) . Of these bioactive compounds, the toxins produced by certain planktonic species of cyanobacteria have been particularly well studied. These oxygenic phototrophs are the only known producers of the hepatotoxic microcystins, and several morphologically and physiologically diverse genera have been shown to synthesize these compounds (11, 14, 30) .
Microcystins are cyclic heptapeptides (Fig. 1A) . Sixty-five isoforms of these compounds which vary by degree of methylation, hydroxylation, epimerization, peptide sequence, and toxicity have been identified (26, 29) . These peptides are potent inhibitors of eukaryotic protein phosphatases type 1 and 2A, with inhibition being dependent on particular structural variations (1) , including the substitution of two variable L-amino acids and the methylation of aspartate (␤-iso-Asp) and dehydroalanine (Fig. 1A) . The modified ␤-amino acid (Adda in Fig.  1A ), which is also found in the hepatotoxic pentapeptides nodularin and motuporin, is conserved in all known toxic microcystins. Microcystins and related cyclic peptides are carried into hepatocytes via the bile acid transport system, where hyperphosphorylation of microfilaments, including cytokeratins, is the primary toxic effect (33) . Microcystins may also activate phospholipase A 2 and cyclooxygenase in hepatocytes, while in macrophages they induce tumor necrosis factor alpha and interleukin 1. These functions, together with hyperphosphorylation of DNA, have implicated microcystins as agents promoting hepatocellular carcinoma (8) .
Like other small peptides which contain unusual amino acids, microcystins are synthesized nonribosomally (2, 4) . We have recently identified peptide synthetase genes in cyanobacteria of the genera Microcystis and Anabaena (3, 19) . The characteristic modular structure of the peptide synthetase genes and particular conserved sequence motifs seen in other bacteria and fungi were also found in these cyanobacterial genes (Fig. 1B) (3) . The insertional inactivation of a peptide synthetase gene from the hepatotoxic strain Microcystis aeruginosa PCC7806 resulted in transformation to the nontoxic state and a loss of microcystins, demonstrating that this gene, called mcyB, encodes a microcystin synthetase (4) .
To date, peptide synthetase genes have been isolated from two cyanobacterial species, while a microcystin synthetase gene has been isolated from only one of several microcystin-producing genera. The present study describes the detection and characterization of microcystin and peptide synthetase genes in a genetically diverse range of microcystin-producing and nontoxic cyanobacterial species. Oligonucleotide primers which amplify DNA from both the conserved sequence motifs of peptide synthetase genes and specific sequences of microcystin synthetase genes in cyanobacteria were designed (Table 1) . These PCR products were used as hybridization probes and/or directly sequenced. Correlations were made between the presence of peptide synthetase genes and the production of microcystins by hepatotoxic cyanobacteria. The data presented provide initial indications of the distribution of microcystin synthetase and other peptide synthetase genes in the phylum Cyanobacteria and the possible mechanism underlying their transmission. In addition, these gene-targeting procedures enable the isolation and characterization of sequences from novel peptide synthetase modules with potentially diverse biosynthetic activities. Isolation and culturing of the many microorganisms which may produce nonribosomal peptides are not required. Table 2 ). The remaining strains were from a culture collection of one of the authors (K. Sivonen, University of Helsinki). Strains were grown in JM, BG-11, or Z8 (Helsinki strains only) medium at 20 Ϯ 2°C and under continuous illumination of 25 mmol/m 2 /s as detailed earlier (16, 25) . Nitrogenfixing species were grown in nitrogen-free medium (25) , and Nodularia species were grown in salt-containing medium (16) . Strains obtained from culture collections were axenic.
Measurement of strain toxicity and chemical analyses of microcystins. Detection of microcystins by mouse bioassay, high-pressure liquid chromatography (HPLC), commercially available enzyme-linked immunosorbent assay (ELISA) (EnviroGard Microcystins Plate Kit; Strategic Diagnostics), and protein phosphatase inhibition was performed according to previously published procedures. Briefly, the mouse bioassay was performed by intraperitoneal injection of aqueous cell suspensions, measurement of the 50% lethal dose, and histological observation of hepatic hemorrhage (5) . For HPLC analyses, microcystin was extracted from a log-phase culture with methanol. Unquantified measurement of microcystin content was performed with a LiChroCART RP18 column (15) . Protein phosphatase type 2A inhibition activity was determined with frozenthawed cell extracts and standardized for total protein and dry cell mass (1, 4) . For many of the strains listed in Table 2 , at least one microcystin has been isolated and the structure has been identified (26, 29) .
DNA extraction, amplification, sequencing, and probe hybridization. Total genomic DNA was extracted by standard methods commonly used for cyanobacteria and plants (10, 22) . Alternatively, a PCR template was prepared by rapid cell lysis in the presence of a cation-exchange resin and nonionic detergents (24) . PCR annealing step temperatures are shown in Table 1 along with peptide synthetase gene-directed oligonucleotide primer sequences. In capillary or 200-l tubes, the PCR thermal cycling protocol included an initial denaturation at 94°C for 2 min, followed by 35 cycles at 93°C for 10 s, at the annealing temperature (Table 1) for 20 s, and at 72°C for 1 min. Amplification reaction components were as previously described (23), and incubations were performed with an FTS-1S capillary thermocycler (Corbett Research, Sydney, Australia) or a PE2400 apparatus (Perkin-Elmer Cetus Corporation, Emeryville, Calif.).
Amplified DNA was purified from surplus reaction components and sequenced directly by standard automated fluorescence techniques (19, 23) . Larger, contiguous fragments of the M. aeruginosa PCC7806 and M. aeruginosa HUB524 microcystin synthetase genes (accession no. U97078 and Z28338, respectively) were also isolated from phage and plasmid gene libraries by PCR probe hybridization. A method of semidegenerate, long PCR was developed to extend sequence information flanking that obtained from the gene libraries. This procedure used the highly redundant primers MTF2 and MTR (Table 1) directed to the conserved motifs of known peptide synthetase genes combined with primers specific for the Microcystis genome (19) . By modifying and using long-PCR protocols, we found it possible to amplify regions of DNA encoding entire modules of the synthetase. In this way, sequences flanking the known microcystin synthetase gene could be extended to unknown conserved regions of the peptide synthetase gene. This method is termed module jumping. Sequencing of these PCR fragments was performed with 100 pmol of the degenerate primer and automated protocols. DNA sequences of the peptide and microcystin synthetase genes were aligned with the program Pileup (Genetics Computer Group) and the multiple-sequence-alignment tool Clustal W. Manual confirmation of the sequence alignment was also performed. Phylogenetic analyses are described in the corresponding figure legends.
Cyanobacterial genomic DNA (about 100 ng) was dot blotted onto nylon membranes (Hybond Nϩ; Amersham, Little Chalfont, United Kingdom) by a previously described protocol (27) . A 2.0-kb clone and a 2.4-kb clone corresponding to different modules of a peptide synthetase gene from Anabaena sp. strain 90, as well as a 1.15-kb amplified clone of the mcyB gene of strain HUB524 (4), were used as probes. Probe labeling, DNA hybridization, which was performed at 60°C, and membrane washing were done by standard procedures (27) .
RESULTS AND DISCUSSION
Detection of peptide synthetase genes by dot blot hybridization. In order to compare the distributions of two peptide synthetase genes derived from M. aeruginosa HUB524 (mcyB) (4) and Anabaena sp. strain 90, DNAs from hepatotoxic, neurotoxic, and nontoxic strains belonging to various species of Anabaena, Nostoc, Microcystis, Nodularia, Oscillatoria, and Aphanizomenon were simultaneously probed in dot blot experiments ( Fig. 2A) . The mcyB fragment recently identified as a microcystin synthetase gene was shown to hybridize, with variable signal intensity, to DNAs from all hepatotoxic strains and to DNAs from three nontoxic strains (Microcystis sp. strain 130, Aphanizomenon sp. strain 202, and Oscillatoria sp. strain 2) ( Table 2 and Fig. 2B ). This probe did not hybridize to DNAs from neurotoxic strains and other nontoxic strains ( Table 2 ). The two Anabaena sp. strain 90 peptide synthetase gene fragments gave strong signals with all hepatotoxic Anabaena strains but showed insignificant hybridization to most other microcystin-producing species (Fig. 2C) . These probes did, however, cross-hybridize to Nostoc sp. strain 152, Nodularia sp. strain HEM, nontoxic Anabaena sp. strain 299 (data not shown), and (weakly) Nodularia sp. strain NSOR12. Therefore, we have evidence for two distinct peptide synthetase genes showing different distributions among the cyanobacterial strains tested. These results reflect the observation that nonribosomal peptide and microcystin contents vary among cyanobacterial species (26) . The mcyB hybridization data revealed the presence of similar genes across all genera investigated. It remains to be determined whether all positive hybridization signals corresponded to microcystin synthetase genes. To obtain more detailed information on the distribution of peptide synthetase genes among toxic and bloom-forming cyanobacteria, several selected strains were further investigated by DNA amplification and sequencing.
Design of amplification primers for peptide synthetase genes in cyanobacteria. A comparison of peptide synthetases and other adenylate-forming enzymes from various prokaryotes and eukaryotes revealed the presence of highly conserved functional domains (13, 17) (Fig. 1B) . Degenerate PCR primers were directed to these conserved sequence motifs (Table 1). The design of these primers was based on conserved peptide motifs in other bacteria and fungi. Back-translation (reverse translation from protein to DNA) of these consensus motifs was sensitive to the codon bias of cyanobacterial genes in general (7) . Specifically, sequence motifs I and V of the adenylate-forming domain of known peptide synthetase modules were used as target sequences (Fig. 1B) . These functional domains are only weakly conserved in non-peptide synthetase adenylate-forming enzymes (34) . Degenerate primers were used to detect genes encoding peptide synthetases (degenerate peptide synthetase PCR [PS-PCR]).
The mcyB gene of M. aeruginosa PCC7608 (4) and its orthologue in M. aeruginosa HUB524 (19) were aligned in order to design PCR primers specific for peptide synthetase genes involved in microcystin biosynthesis (microcystin synthetase PCR [MS-PCR]). These primers were directed to regions within the peptide synthetase module which were shown not to be part of the series of conserved functional motifs (17) . The resulting PCR product did, however, contain a conserved core sequence (core motif II) which was used to align DNA sequences for further phylogenetic analyses (Fig. 1B) . Specific amplification primers (for MS-PCR) based on the characterized peptide synthetase gene sequence of M. aeruginosa (4) were designed and directed to the region between conserved peptide synthetase motifs I and III (Fig. 1B and Table 1 ). The priming sites for MS-PCR did not have a sequence identical in the two Microcystis strains, PCC7806 and HUB524, and were selected to enable amplification of a microcystin synthetase fragment from a broad range of microcystin-producing cyanobacteria.
Detection of peptide synthetase genes in cyanobacteria by PCR. All DNA samples were checked for integrity in a cyanobacterium-specific 16S ribosomal DNA amplification reaction prior to use in PS-PCR and MS-PCR (23) . The degenerate PCR (PS-PCR) was used to identify cyanobacterial strains which contained significant DNA sequence similarity to the adenylate-forming domains of known peptide synthetase genes (13, 28, 34) . With the described amplification reaction, putative peptide synthetase genes were detected in strains of the cyanobacterial genera Anabaena, Aphanizomenon, Cylindrospermopsis, Microcystis, Nodularia, Nostoc, Oscillatoria, Plectonema, and Pseudanabaena. However, similar degenerate PCR products were not observed for the Synechococcus strain analyzed ( Table 2 ). The results presented in Table 2 were consistent with a larger body of data generated for several other strains of the species listed (data not shown). Several members of the genera Anabaena, Aphanizomenon, and Nostoc were tested for the presence of cyclic peptide toxins and sequences homologous to those of peptide synthetase genes (Fig. 3A) . No strains of nonhepatotoxic Anabaena representing the species Anabaena circinalis, A. cylindrica, and A. flos-aquae were shown to possess a microcystin synthetase gene orthologue by the described MS-PCR or probe hybridization. However, these species were shown to contain peptide synthetase gene orthologues. Of the 15 Anabaena strains examined and listed in Table 2 , 7 were microcystin producers; the other strains were either nontoxic or produced alkaloid neurotoxins (anatoxins or saxitoxins). These seven strains were Fig. 2B and 3B ). The closely related genus Nostoc, which was represented by both microcystin-producing and nontoxic strains possessed peptide synthetase gene homologues in toxic and nontoxic types and microcystin synthetase gene homologues selectively in only the hepatotoxic strain. Neurotoxic and nontoxic strains of Aphanizomenon possessed peptide synthetase but not microcystin synthetase gene orthologues. This result correlates with the lack of microcystin-based toxicity observed to date for the genus Aphanizomenon (Fig. 2 and 3) . MS-PCR of nonmicrocystin-producing strains of cyanobacteria from these three genera did not reveal an amplification product.
The other filamentous and heterocyst-forming cyanobacteria used in this study, Nodularia and Cylindrospermopsis, also showed gene detection experiment results which were congruent with toxin analyses. Members of the genus Nodularia are responsible for the synthesis of nodularin, a cyclic pentapeptide, similar in structure to microcystin and likewise hepatotoxic due to its potent inhibition of eukaryotic protein phosphatases. PS-PCR and MS-PCR products were amplified from all strains of Nodularia spumigena. These strains were also shown to produce nodularin, as detected by HPLC, or to inhibit protein phosphatase 2A, as in the case of N. spumigena PCC73104. The Nodularia strains used in this study were isolated from distinct geographic regions, implying a high degree of gene conservation or a cosmopolitan distribution of hepatotoxic strains of this brackish-water cyanobacterium (31) . No amplification of the MS-PCR fragment correlated with the lack of microcystin-based toxicity in Cylindrospermopsis raciborskii. This cyanobacterium is capable of synthesizing a hepatotoxic alkaloid known as cylindrospermopsin. The presence of PS-PCR products for the strains studied may be related to the presence of peptide synthetase genes of unknown function.
PS-PCR revealed that all strains of Microcystis studied possess one or more peptide synthetase loci. It has been shown that strains of Microcystis, irrespective of their ability to produce microcystin, as determined by chemical analyses and bioassays, contain DNA sequences with significant identity to known peptide synthetase genes (3) . The data presented here support these findings and describe a rapid method for the determination of potentially hepatotoxic Microcystis based on the amplification of the MS-PCR template. Samples of uncultured cyanobacterial blooms containing hepatotoxic Microcystis, Nodularia, or Oscillatoria strains were all detected by MS-PCR (Fig. 3C) . Both the degenerate and the specific amplification products were generated coordinately only for strains which were shown to produce microcystin or otherwise inhibit eukaryotic protein phosphatases (Fig. 3 and Table 2 ). Moreover, we sequenced the products obtained by MS-PCR from M. aeruginosa strains and consistently found significant identity to the mcyB gene of strain PCC7806 (see below). It has recently been shown that a single gene cluster inclusive of mcyB is responsible for the synthesis of all microcystin isoforms in M. aeruginosa PCC7806 and that all protein phosphatase inhibition activity is due to cellular microcystin content (4) .
The amplification of an MS-PCR product for nonhepatotoxic Microcystis sp. strain 269 was not supported by the HUB524 microcystin synthetase gene probe hybridization ( Fig.  2A) . All other nontoxic strains of this genus did not show amplification of the microcystin-specific DNA sequence (Table  2) . Strain 269 may contain a genome sequence compatible with the MS-PCR primers but not the dot blot probe. In addition, it is also possible that toxin levels in this strain are below detection limits or that the altered expression of peptide synthetase genes in laboratory cultures has inhibited microcystin biosynthesis by this strain (36) . It is also possible that mutational inactivation of the microcystin synthetase gene in regions other than the fragments assayed resulted in the observed differences among MS-PCR, probe hybridizations, and toxicity tests.
All the Oscillatoria agardhii strains produced detectable levels of microcystin, except for one, Oscillatoria sp. strain 2. This strain also cross-hybridized with the HUB524 peptide synthetase probe but was found to be nontoxigenic by MS-PCR. MS-PCR experiments and/or probe hybridizations indicated that these strains, including strain 2, contained orthologous toxin biosynthesis genes (Fig. 2B and 3B) .
Of the remaining cyanobacterial groups to be tested with the described molecular methods, the filamentous and non-heterocyst-forming genera Lyngbya, Pseudanabaena, and Plectonema (Table 2 ) and several stromatolite-associated (benthic) cyanobacteria (data not shown) showed genomic orthology to the conserved peptide synthetase loci but not to the microcystin synthetase gene. The sole Synechococcus isolate examined did not possess peptide synthetase or microcystin synthetase (Table 2). Similarly, there was a lack of peptide synthetase orthologues in the genome of Synechocystis sp. strain PCC6803 (12) . These results indicate that a broad range of cyanobacteria are capable of nonribosomal peptide synthesis.
Sequence analysis and evolutionary relationships between the putative microcystin synthetase gene and other peptide synthetase genes in cyanobacteria. The specific MS-PCR products from 12 hepatotoxic cyanobacterial strains (representing five genera and seven species) and four PS-PCR products (representing peptide synthetase modules of unknown function) from nontoxic M. aeruginosa HUB53 (three modules) and NIES99 (one module) were purified and sequenced. Approximately 700 bp of the putative microcystin synthetase gene was determined for each strain. Furthermore, we included the respective most similar sequence from another module of the microcystin synthetase gene, mcyC, that had been determined during a study aimed at identifying the entire microcystin synthetase gene cluster of M. aeruginosa PCC7806 (33a). DNA sequences of the microcystin synthetase gene and other peptide synthetase gene orthologues were aligned with each other, and the pairwise (Jukes-Cantor) genetic distances were calculated. These distances were represented in a phylogenetic analysis (Fig. 4A) . Differences between the peptide synthetase gene sequences were surprisingly large and reflected relatively low sequence similarity between the highly conserved and functional domain motifs of each peptide synthetase module (Fig.  4B) . The unicellular cyanobacteria of the genus Microcystis had a second cluster of MS-PCR sequences which was delineated from the PS-PCR sequences of the nontoxic Microcystis strains. We concluded from this observation that, for the Microcystis species studied, MS-PCR specifically amplified a sequence of the mcyB gene and thus may be used to identify potential microcystin producers in these species.
However, the situation appears more complicated for strains of Anabaena, Nodularia, Nostoc, and Oscillatoria. For these strains, MS-PCR amplified sequences were clearly different from the sequences amplified for Microcystis strains. Moreover, some of these sequences (N. spumigena BY1, Nostoc sp. strain 152, and O. agardhii 195) clustered more closely with the MS-PCR products from Microcystis strains, whereas other sequences (Anabaena sp. strain 90 and N. spumigena HEM and PCC73104) were more related to the PS-PCR products from nontoxic M. aeruginosa strains. Since the sequences between different modules (having different functions) and of different peptide synthetase genes (again, having different functions) were compared (Fig. 4B) , no phylogenetic relationships can be concluded from the PS-PCR sequences. The above-mentioned Table 2 ) and PS-PCR products (nontoxic strains). The phenogram was reconstructed from a pairwise distance matrix by use of the neighbor-joining method. Hepatotoxic and nontoxic clusters of Microcystis strains are enclosed by square brackets. (B) Evolutionary relationships among peptide synthetases of microcystin-producing cyanobacteria, nontoxic cyanobacteria, and other bacteria and fungi. Translated MS-PCR and PS-PCR DNA sequences of cyanobacteria were compared to sequences of similar database peptides. Divergence between amino acid sequences was calculated by use of PAM-Dayhoff matrix, and the tree was constructed by use of the neighbor-joining method obtained from the PHYLIP suite of programs. Peptide synthetases, including various modules of the same multienzyme complex, are as follows: GrsA and GrsB, gramicidin A and B synthetases (with modules A to C), respectively, from Bacillus brevis; SrfA, SrfB, and SrfC, surfactin A, B, and C synthetases, respectively, from B. subtilis; TycA, tyrocidin A synthetase from Brevibacillus brevis; EntF, enterobactin synthetase component F from Escherichia coli; Hts1, HC toxin synthetase 1 (modules A to D) from Cochliobolus carbonum; and SimA, cyclosporin A synthetase from Tolypocladium niveum. McyB and McyC are involved in microcystin biosynthesis in the M. aeruginosa strains indicated (Table  2) . M. aeruginosa strains HUB53 and NIES99 are nontoxic and possess putative peptide synthetases of unknown function. The scale for each tree indicates inferred evolutionary distances. Bootstrap values greater than 50% which were derived from 100 resampling events of the aligned sequence data and which support the tree topologies are also shown.
cluster of sequences from different cyanobacterial genera that possibly represents the mcyB gene (Fig. 4A) , however, reflects organismic phylogenetic relationships, as inferred by 16S rRNA gene sequences (9, 23, 35) . More information on the sequence and organization of peptide synthetase genes in cyanobacteria and of the microcystin synthetase gene in particular is required before final conclusions can be made regarding the evolution and phylogeny of microcystin biosynthesis.
The present study has shown, for the first time, that microcystin synthetase gene orthologues are present not only in all toxic strains of the genus Microcystis but also in microcystinproducing strains of the genera Anabaena, Oscillatoria, and Nostoc. Nodularin-producing cyanobacteria of the genus Nodularia also appear to possess a microcystin synthetase gene orthologue and therefore a similar biosynthetic pathway for toxin production. We have also shown that strains of other toxic and nontoxic cyanobacterial genera, such as Anabaena, Aphanizomenon, Cylindrospermopsis, Lyngbya, Nodularia, Nostoc, Oscillatoria, Plectonema, and Pseudanabaena contain genes for similar peptide synthetase complexes of unknown function. Due to this broad intergeneric distribution of integrated enzyme systems, therefore, cyanobacteria provide a rich and novel source of many uncharacterized amino-acid-activating and -modifying peptide synthetase modules (18, 28, 32) . This study reveals a molecular approach to the discovery of novel bioactive compound synthetic pathways in uncultured cyanobacteria and probably other microorganisms. The specific PCR (MS-PCR) was applicable to the rapid and sensitive detection of toxigenic strains of Microcystis. This method could also be used to identify microcystin-producing strains of other cyanobacterial genera. Further characterization (including insertional inactivation) of various microcystin synthetase gene orthologues from Nodularia, Anabaena, Nostoc, and Oscillatoria will enable the design of specific PCRs for the detection of potential hepatoxin producers in each of these genera. This strategy will provide a procedure for detecting toxic genotypes prior to the production of toxins by relevant cyanobacterial species.
